Variant HL-60 cells resistant to dierentiation induced by nitroprusside and cGMP analogs have normal guanylate cyclase and cGMP-dependent protein kinase (G-kinase) activity (J. Biol. Chem. 269, 32155 ± 32161, 1994). We found decreased phosphorylation of a low molecular weight protein (pp23) in the variant cells and by co-migration on two-dimensional polyacrylamide gels, phosphopeptide mapping, immunoprecipitation and immunoblotting, we showed that pp23 was one of three post-translationally modi®ed forms of Rap 1A expressed in HL-60 cells. Using an in vitro transcription/ translation system, we studied each of the posttranslational processing steps of Rap 1A and we showed that pp23 represented fully processed Rap 1A. By immunoprecipitation, immunoblotting and 35 S-methionine/cysteine incorporation, we showed that the variant cells were de®cient in pp23, and thus in fully processed Rap 1A, but that these cells did express normal amounts of completely unprocessed Rap 1A and geranylgeranylated Rap 1A; the lack of Rap 1A processing beyond geranylgeranylation in the variant cells was not secondary to a change in Rap 1A's amino acid sequence. The variant cells had normal carboxyl methyltransferase activity suggesting they are de®cient in proteolytic cleavage of Rap 1A. The de®cient post-translational processing of Rap 1A had no eect on Rap 1A's subcellular distribution and we found no evidence for altered post-translational processing of H-Ras.
Introduction
The human promyelocytic cell line HL-60 dierentiates along one of several pathways in response to a number of drugs including dimethyl sulfoxide, retinoic acid, cyclic nucleotide analogs and phorbol esters (Chaplinski and Niedel, 1982; Collins et al., 1978; Rovera et al., 1979; Collins et al., 1990) . Variant HL-60 cell lines resistant to dierentiation induced by a speci®c agent have been isolated and used to characterize the agent's mechanism of action. For example, a biochemical defect of a nuclear retinoic acid receptor was found in a retinoic acid-resistant HL-60 cell line (Collins et al., 1990) and altered regulation of protein kinase C isozymes was found in phorbol ester-resistant HL-60 cells (McSwine-Kennick et al., 1991) .
We have isolated HL-60 cells which do not dierentiate in response to the cGMP-elevating agent nitroprusside or to cGMP analogs . These variant cells show normal morphologic maturation and acquisition of membrane antigens in response to dimethyl sulfoxide and cAMP analogs but reduced development of NADPH oxidase activity. Several variant cell clones have normal guanylate cyclase activity and nitroprusside induces a similar increase in their intracelluar cGMP concentration as in parental cells. Although cGMP regulates the activity of at least two phosphodiesterases and in certain specialized cells cGMP regulates calcium channels, the intracellular concentrations of cAMP and calcium are unchanged by nitroprusside and 8-Br-cGMP in HL-60 cells; moreover, the membrane-permeable cGMP analog 8-para-chlorophenylthio-cGMP, which does not activate either of the two cGMP-regulated phosphodiesterases, induces dierentiation of HL-60 cells Corbin et al., 1990; Boss, 1989; Butt et al., 1992) . Thus, the data suggest the nitroprusside and cGMP analogs induce dierentiation of HL-60 cells by activating cGMP-dependent protein kinase (G-kinase) and that the variant cells have a defect in the cGMP signal transduction pathway distal to guanylate cyclase activation.
The variant cells have normal G-kinase activity both when measured in cell extracts and in intact cells by following cGMP-dependent phosphorylation of an endogenous substrate suggesting these cells have an inherent defect of a G-kinase substrate(s) (Scheele et al., 1998) . We identi®ed putative G-kinase substrates in HL-60 cells by incubating cell extracts with G-kinase and [g-incubated with G-kinase or A-kinase than in similarly treated parental cell extracts (Scheele et al., 1998) . To determine whether pp23 was phosphorylated in vivo by G-kinase and/or A-kinase, we incubated cells with 32 PO 4 and during the last 15 min of incubation added nitroprusside or the membrane-permeable cGMP analog 8-Br-cGMP to activate G-kinase or 8-BrcAMP to activate A-kinase; cells were extracted and proteins were separated by 2-D PAGE (Figure 1 ). Of six proteins that showed G-kinase-and A-kinasedependent phosphorylation in cell extracts (Scheele et al., 1998) , only pp23 showed increased 32 PO 4 incorporation in vivo in parental cells (compare Figures 1a and b , parental cells incubated in the absence and presence, respectively, of 1 mM nitroprusside and 1 mM 8-BrcAMP; pp23 is labeled as protein`1.' Similar data were obtained with either drug alone or with 1 mM 8-BrcGMP but the combination of an activator of G-kinase and A-kinase is shown to eliminate the possibility of decreased G-kinase availability in the variant cells as the basis for the dierence observed between these cells and parental cells). In addition to pp23 we found several other proteins which showed increased 32 PO 4 incorporation in the presence of nitroprusside or 8-BrcGMP, e.g., protein`a' (compare Figure 1a and b). Since none of these proteins had been identi®ed in the previous in vitro studies, they may be phosphorylated in whole cells as part of a protein kinase cascade initiated by G-kinase or A-kinase activation.
In the basal non-stimulated state, the variant cells showed less phosphorylation of pp23 than the parental cells; when the variant cells were treated either singly with nitroprusside, 8-Br-cGMP or 8-Br-cAMP or the combination of nitroprusside and 8-Br-cAMP, there was much less 32 PO 4 incorporation into pp23 than in the parental cells (compare Figure 1b and c, parental and variant cells, respectively, incubated in the presence of 1 mM nitroprusside and 1 mM 8-Br-cAMP). Protein`a' showed a similar increase in 32 PO 4 incorporation in nitroprusside-and 8-Br-cGMP-treated variant cells as in drug-treated parental cells indicating that the two drugs induced some of the same changes in protein phosphorylation in the two cell lines (Table 1) .
Identi®cation of PP-23 as an isoform of Rap 1A
Proteins in the Ras family have apparent molecular masses of 20-28 kDa and several are part of signal transduction pathways that regulate cell growth and dierentiation (Santos and Nebreda, 1989; Bokoch and Der, 1993) . Of all the characterized Ras-related proteins only Rap 1A and 1B are clearly both in vitro and in vivo A-kinase substrates Lapetina et al., 1989; Fischer et al., 1991) ; moreover, PO 4 without (a) or with 1 mM sodium nitroprusside and 1 mM 8-Br-cAMP (b and c) added during the last 15 min of incubation as described in Experimental Procedures. Cells were extracted and the extracts were applied to the 2-D gel system described in Materials and methods and the gels were exposed to X-ray ®lm. Protein`1' is pp23 and proteins`A-C' are three reference proteins Rap 1B is phosphorylated in vitro by G-kinase on the same serine residue phosphorylated by A-kinase (Miura et al., 1992) and we found Rap 1A to be an excellent G-kinase substrate in vitro (data not shown). Since Rap 1A mRNA is highly expressed in HL-60 cells (Adachi et al., 1992) , we compared pp23 with phosphorylated Rap 1A by three dierent methods: (i) co-migration on two dierent 2-D gel systems; (ii) 1-D and 2-D phosphopeptide mapping and (iii) immunoprecipitation and immunoblotting. We have previously shown that phosphorylated Rap 1A and 1B migrate dierently on 2-D gels and that their phosphopeptide maps are dissimilar .
PP23 Co-migrates with an isoform of Rap 1A on 2-D gels To determine if pp23 and Rap 1A co-migrated on 2-D gels, we ®rst incubated puri®ed human Rap 1A produced in insect cells (Quilliam et al., 1990) with [g-32 P]ATP and the C subunit of A-kinase and then analysed the phosphorylated products by 2-D PAGE (similar results in these and all subsequent phosphorylation experiments were obtained when G-kinase plus 10 mM 8-Br-cGMP was used instead of the C subunit of A-kinase, but the latter was more readily available). As previously reported (Quilliam et al., 1990 , we found that phosphorylated Rap 1A yielded three Figure 2 Migration of puri®ed Rap 1A in two dierent 2-D PAGE systems Panels a-c. Human Rap 1A produced in insect cells was incubated with [g-32 P]ATP and the C subunit of A-kinase and phosphorylation was stopped by adding 2-D PAGE sample buer. Half of the sample was applied directly to the 2-D gel system described in Materials and methods (a); the other half of the sample was mixed with HL-60 cell extracts that had been previously incubated with [g-32 P]ATP and the C subunit of A-kinase and the mixture was applied to 2-D gels (c). In b the same HL-60 cell extract is shown as in c but without added Rap 1A. (d-f). An identical experiment was performed as shown in a-c (with a and d, b and e and c and f analogous) except the 2-D gel system was modi®ed: the ampholyte range in the ®rst dimension was decreased to pH 3.5-10 and the percentage of acrylamide in the second dimension was increased to 15% PO 4 in the absence or presence of 1 mM nitroprusside plus 1 mM 8-Br-cAMP as described in the legend to Figure 1 . Cell extracts were separated on a 2-D PAGE system and resulting autoradiographs were scanned using an LKB ULtro Scan XL laser densitometer in 2-D mode. The data shown are the fold-increase in 32 PO 4 incorporation into each protein induced by the drugs and are the means+s.d. of three independent experiments separate isoforms (Figure 2a ; the three isoforms are labeled`b, c and d'). Since Rap 1A has only one phosphorylation site , these three isoforms presumably represent other post-translational modi®cations of the protein. When the phosphorylated Rap 1A was added to cell extracts that had been previously incubated with [g-32 P]ATP and the C subunit of A-kinase, we found that the most acidic isoform (`d') co-migrated with pp23 ( Figure 2 , compare b, cell extract alone with c, cell extract plus phosphorylated Rap 1A). These studies were done using the same 2-D PAGE system as was used previously (Scheele et al., 1998) in order to be able to compare the data. However, because the three phosphorylated Rap 1A isoforms were not well resolved in this 2-D PAGE system we changed the ampholyte range and increased the percentage acrylamide in the second dimension to resolve all three Rap 1A isoforms (Figure 2d ). PP23 was identi®ed in this additional 2-D PAGE system by its position relative to other proteins and, as described later, by its phosphopeptide map and its absence in the variant cells. When phosphorylated Rap 1A was added to cell extracts, which were treated as described above, the most acidic isoform of Rap 1A again co-migrated with pp23 ( Figure 2 , compare e and f, cell extract in the absence and presence of added Rap 1A, respectively).
Phosphopeptide maps of PP23 and Rap 1A Peptide maps produced by limiting digestion of proteins are highly speci®c and can be used to establish identity, or nonidentity, between two proteins (Cleveland et al., 1977) . To compare the phosphopeptide maps of in vitro and in vivo phosphorylated pp23 to Rap 1A isoform d,' we incubated parental cell extracts with [g- P]ATP and the C subunit of A-kinase was applied to the 2-D PAGE system described above and isoform`d' (Figure 2d ) was cut out. The resulting gel fragments containing the two proteins were placed in wells of a high percentage 1-D gel and digested with V8 protease as described in Materials and methods. The phosphopeptide maps resulting from three dierent concentrations of V8 protease were identical between in vitro and in vivo phosphorylated pp23 and recombinant Rap 1A (data not shown). Since 2-D peptide maps provide even more speci®c ®ngerprints of proteins, we repeated the same experiments but extracted proteins from the 2-D gel fragments and performed limited proteolysis with 500 ng of V8 protease. We then generated 2-D peptide maps and found that pp23 and Rap 1A isoform`d' yielded the same pattern of phosphopeptides ( Figure 3 , compare a, Rap 1A isoform`d,' to panels b and d, pp23 phosphorylated in vitro and in vivo, respectively).
As further evidence that the phosphopeptide maps of pp23 and Rap 1A isoform`d' were the same, we produced Rap 1A in an in vitro transcription/translation system and subjected the products to 2-D PAGE. As shown later (Figure 8 ), this yielded three isoforms of Rap 1A that were identical in mobility and con®guration to the three isoforms of recombinant Rap 1A produced in insect cells. The 1-D and 2-D phosphopeptide maps of Rap 1A isoform`d' from the in vitro transcription/translation system were identical to that of recombinant Rap 1A isoform`d' produced in insect cells and were also identical to the maps generated from pp23 (in vitro transcribed and translated Rap 1A is shown in c of Figure 3 ; in these experiments the products of the in vitro transcription and translation were phosphorylated by adding [g-32 P]ATP and the C subunit of A-kinase prior to resolving the products by 2-D PAGE).
Immunological identity of PP23 and Rap 1A The polyclonal antibody SC65 was raised against a 17 amino acid peptide speci®c to Rap 1A/B and does not cross-react with other Ras-related proteins (per Santa Cruz Biotechnology). We incubated parental cell extracts generated by detergent lysis with antibody SC65 and protein-A agarose and then incubated the resulting immunoprecipitates with [g- Figure 5a may be Rap 1A isoform`b'; as found in the immunoprecipitation experiments, this isoform appears to be of low abundance in HL-60 cells. Rap 1A isoform`c' was not visualized on the immunoblots, again suggesting that this isoform requires ionic detergents for ecient extraction. The two other proteins seen in Figure 5a below the label`l' may be Rap 1B isoforms which are known to migrate with a lower pI in 2-D PAGE than Rap 1A isoforms .
Thus, by co-migration in two dierent 2-D gel systems, 1-D and 2-D phosphopeptide mapping and immunological techniques, pp23 was identical to isoform`d' of Rap 1A. compared to parental cells (Scheele et al., 1998 and Figure 1 ) could be secondary to the variant cells containing an abnormal Rap 1A with an altered amino acid sequence that is phosphorylated poorly or a decreased amount of the unphosphorylated precursor of Rap 1A isoform`d.' HL-60 cells are aneuploid and may be hemizygous at some loci because of chromosomal loss or rearrangement of one allele (Gallagher et al., 1979) ; a mutation in the remaining allele could, therefore, result in complete loss of a protein.
The decreased in vivo phosphorylation of pp23/Rap 1A isoform`d' in the variant cells was not secondary to decreased kinase activity because we showed that the variant cells contain a normal amount of G-kinase and A-kinase activity (Scheele et al., 1998) .
Analysis of Rap 1A mRNA from parental and variant cells Since decreased expression of Rap 1A mRNA could be a major cause of reduced protein production, we assessed the amount of Rap 1A mRNA in the variant cells by Northern blotting. We found that the variant cells had a similar amount of Rap 1A mRNA as parental cells (Figure 6). Treating parental and variant cells with nitroprusside for 1 h caused a small increase in Rap 1A mRNA in both cell types ( Figure  6 ); previous workers have found that phorbol esters, which induce HL-60 cells into macrophage-like cells, increase Rap 1A mRNA within hours of addition (Adachi et al., 1992) .
A mutation anywhere in the Rap 1A coding sequence resulting in a conformational change in the protein or a mutation at the phosphorylation site [Rap 1A is phosphorylated in the extreme carboxyl terminus on Ser 180 ] could decrease G-and Akinase-dependent phosphorylation of Rap 1A (Glass and Krebs, 1980) . We, therefore, determined the complete nucleotide sequence of several independent Rap 1A cDNA clones derived from variant cells and found they were identical to the published human Rap 1A sequence (Kitayama et al., 1989) and to the Rap 1A cDNA sequence derived from parental cells. Immunoprecipitation When the immunoprecipitation experiments described previously were performed on the variant cells we found that these cells were severely de®cient in Rap 1A isoform`d' while the amounts of isoforms`b and c' in these cells were similar to parental cells (compare Figure 4a and b, immunoprecipitations Figure 1 were applied to 2-D gels and the spot corresponding to pp23 was cut out and extracted by homogenization and trichloroacetic acid precipitation; the proteins were treated with performic acid and incubated with 500 ng of V8 protease for 30 min. Similarly, isoform`d' of human Rap 1A produced in insect cells or generated by in vitro transcription and translation (as described in Figure 8 ) was treated identically. The resulting phosphopeptides were separated on 100 mM cellulose thin-layer plates by electrophoresis in the ®rst dimension at pH 1.9 (acetic acid-88% formic acid-water, 78 : 25 : 897 by volume) for 25 min at 1 kV and by chromatography in the second dimension (nbutanol-pyridine-acetic acid-water, 75 : 50 : 15 : 60 by volume). Panel a: isoform`d' of human recombinant Rap 1A was puri®ed from insect cells and incubated with [g- Figures 2a and  4a) . Because 1 mM 8-Br-cGMP was added 15 min prior to cell harvest to activate cellular G-kinase, this method, like immunoblotting, assessed the combination of Rap 1A isoform`d' and its unphosphorylated precursor. When these same experiments were performed on the variant cells, we found that these cells were severely de®cient in Rap 1A isoform`d' while the amounts of isoforms`b' and`c' in these cells were similar to parental cells (compare Figure 7a and (Quilliam et al., 1990) . Since the data indicated that the variant cells were de®cient in Rap 1A isoform`d,' we needed to determine the Figure 4 Immunoprecipitates from HL-60 cell extracts using antibody SC65. The anti-Rap 1 antibody SC65 and protein-A agarose were added to parental (a) and variant (b) HL-60 cell extracts and the resulting immunoprecipitates were incubated with [g-32 P]ATP and the C subunit of A-kinase as described in Materials and methods. The immunoprecipitates were analysed by 2-D PAGE/autoradiography and pp23 (protein`1') was identi®ed by its migration compared to 2-D protein standards Figure 5 Immunoblot of HL-60 cell extracts using antibody SC65. Parental (a) and variant (b) HL-60 cell extracts were incubated with [g-32 P]ATP and the C subunit of A-kinase and then applied to 2-D gels; proteins were transferred to a membrane which was incubated with the anti-Rap 1 antibody SC65 as described in Materials and methods. PP23 (protein`1') was identi®ed by its migration compared to 2-D protein standards and by comparison to an autoradiograph of the membrane. The labels are above the designated protein degree of processing of this isoform of Rap 1A in the variant cells. It has been shown previously that adding microsomal membranes to an in vitro transcription and translation system generates all of the post-translational modi®cations of Ras-related proteins (Hancock et al., 1991; Hancock, 1995) . We applied this method to Rap 1A, including G-kinase and non-radioactive ATP in the incubation mixture, and found three forms of Rap 1A which migrated in the same positions as the phosphorylated forms of puri®ed Rap 1A (Figure 8a ; compare to Figure 2a) . When the peptide Cys-Val-PheLeu, which is a competitive inhibitor of geranylgeranyl transferase activity (Zhang et al., 1994) , was added to the system only isoform`b' was generated (Figure 8b ) indicating that this is the completely unprocessed form of Rap 1A. When we omitted the microsomal membranes, which contain the proteolytic and methyltransferase activities, isoforms`b' and`c' were detected ( Figure 8c) ; thus, it appeared that isoform`c' was geranylgeranylated only. When acetyl-farnesyl-cysteine, a competitive inhibitor of methyl-transferase activity (Philips et al., 1993; Volker et al., 1991) , was added to the system, we still observed only isoforms`b' and`c' (Figure 8d ). This suggests two points: (i) that the geranylgeranylated/proteolytically cleaved isoform comigrates with either the unprocessed protein (isoform b') or the geranylgeranylated form (isoform`c') and, because of its physical properties, more likely with the latter; and (ii) that the fully processed form, which includes methylation, is isoform`d.' Since the variant cells contain Rap 1A isoforms`b' and`c' but are lacking isoform`d' (Figures 4 and 7) , this suggests that the variant cells are de®cient in either proteolytic cleavage or carboxyl methylation of Rap 1A.
Analysis of Rap

Proteolytic cleavage and carboxyl methylation of Ras-related proteins in HL-60 cells
The protease(s) that cleave the three terminal carboxyl amino acids from Ras-related proteins have been only partially characterized and there is no speci®c assay available to measure their activity (Chen et al., 1996; Ma and Rando, 1993) . Much more information is known about the carboxyl methyltransferases that are involved in the post-translational processing of Rasrelated proteins and an assay that measures total cellular carboxyl methyltransferase activity is available (Shi and Rando, 1992; Philips et al., 1993; Volker et al., 1990) . Using this assay, we found a similar amount of enzyme activity in the parental and variant cells: 1.5+0.2 and 1.3+0.2 pmol/min/mg protein in the parental and variant cells, respectively (mean+s.d. of three independent experiments).
Subcellular localization of Rap 1A in HL-60 cells
Although earlier work suggested that proteolytic cleavage and carboxyl methylation of Ras proteins are necessary for membrane binding of Ras, more recent work suggests that this may not be true (Hancock et al., 1991; Boyartchuk et al., 1997) . Since the variant cells appear to have geranylgeranylated Rap 1A but appear to be de®cient in proteolyticallycleaved/carboxyl-methylated Rap 1A, we compared the subcellular distribution of Rap 1A between parental and variant cells. We found the majority of Rap 1A in particulate fractions in parental cells, as has been described by previous workers (Klinz et al., Figure 6 Northern blot analysis of Rap 1A mRNA. Parental (lanes a and b) and variant (lanes c and d) HL-60 cells were incubated without (lanes a and c) or with 1 mM nitroprusside for 1 h (lanes b and d) and cytoplasmic RNA was extracted and applied to denaturing formaldehyde/agarose gels as described in Materials and methods. The RNA was transferred to nitrocellulose membranes and hybridized to 32 P-labeled probes for Rap 1A and CHOA (to assess RNA loading and transfer) The cells were extracted and antibody SC65 and protein A agarose were added to the extracts; the resulting immunoprecipitates were analysed by 2-D PAGE/autoradiography and pp23 (protein`1') was identi®ed by its migration compared to 2-D protein standards 1992), and we found no change in the protein's subcellular localization in the variant cells (Figure 9 , compare lanes 1, 3, 6 and 8 to lanes 2, 4, 7 and 9, respectively).
Post-translational processing of H-Ras in HL-60 cells
The lack of proteolytic cleavage and carboxyl methylation of Rap 1A in the variant cells could be a defect speci®c to Rap 1A processing or could be a more generalized defect in post-translational modification of Ras-related proteins. To address this question, we assessed whether H-Ras, which is highly expressed in HL-60 cells (Studzinski and Brelvi, 1987) , was processed fully in the variant cells. We determined where H-Ras migrates in our standard 2-D PAGE system by applying puri®ed recombinant protein to the gels and detecting H-Ras using the Ras-speci®c antibody Y13-259. We then performed experiments similar to those shown in Figure 4 : we immunoprecipitated Ras from cell extracts using antibody Y13-259, applied the immunoprecipitates to the 2-D PAGE system and then detected Ras on Western blots. We detected three spots in parental cell extracts, two of which migrated very close to each other, with each spot presumably representing dierent degrees of post-translational modi®cation of the protein (Figure 10a ). The variant cells had the same three spots (Figure 10b ) indicating that the post-translational processing of H-Ras was similar in these cells as in parental cells.
Discussion
We have previously isolated HL-60 cells that are resistant to nitroprusside-induced dierentiation and Figure 8 In vitro transcription and translation of Rap 1A with and without inhibitors of post-translational modi®cation. In vitro transcription and translation reactions were performed using the TNT Coupled Reticulocyte Lysate System from Promega with and without the additions as noted; reaction products were analysed by 2-D PAGE. a, Incubation with 1.8 ml canine pancreatic microsomal membranes; b, Incubation with microsomal membranes plus 100 mM of the peptide Cys-Val-Phe-Leu which is a competitive inhibitor of geranyl-geranyl-transferase; c, No additions; d, Incubation with microsomal membranes plus 100 mM acetylfarnesylcysteine, a competitive inhibitor of carboxyl methyltransferase Figure 9 Subcellular localization of Rap 1A. Parental (lanes 1, 3, 6 and 8) and variant (lanes 2, 4, 7 and 9) cell extracts were prepared and fractionated as described in Materials and methods. The resulting subcellular fractions were applied to a 1-D gel and Rap 1A was detected by immunoblotting using the antibody SC65. Lanes 1 and 2, 10 000 g supernatant; lanes 3 and 4, 100 000 g supernatant; lane 5, blank (note there is spillover from lane 6); lanes 6 and 7, 10 000 g pellet; and lanes 8 and 9, 100 000 g pellet we showed that the defect in these cells was distal to guanylate cyclase activation by nitroprusside and that the variant cells were also resistant to dierentiation induced by cGMP analogs . In addition, we have shown that the variant cells have normal G-kinase activity but that there is less Gkinase-dependent phosphorylation of a low molecular weight protein, pp23, in variant cell extracts than in parental cell extracts (Scheele et al., 1998) .
In the present work we found that the variant cells were de®cient in pp23 and showed by co-migration on 2-D gels, phosphopeptide mapping and reaction with a Rap 1 speci®c antibody that pp23 was identical to one of three post-translationally modi®ed forms of Rap 1A found in HL-60 cells. Using an in vitro transcription/ translation system that allowed us to study each of the processing steps of Rap 1A, we were able to show that pp23 represented fully processed Rap 1A. The variant cells expressed normal amounts of Rap 1A mRNA, completely unprocessed Rap 1A and geranylgeranylated Rap 1A. We were unable to identify geranylgeranylated/proteolytically-cleaved Rap 1A in our 2-D gel system because it appeared to co-migrate with geranylgeranylated Rap 1A. Since the variant cells were de®cient in fully processed, i.e., geranylgeranylated / proteolytically-cleaved / carboxyl methylated Rap 1A, the data suggest that the variant cells are de®cient in either proteolysis or carboxyl methylation of Rap 1A. We found normal amounts of carboxyl methylase activity in the variant cells pointing to a defect in proteolytic cleavage of Rap 1A in the variant cells. However, because we measured total carboxyl methyltransferase activity in cell extracts, we do not rule out the possibility that the variant cells are de®cient in a carboxyl methyltransferase isozyme that acts on Rap 1A.
Two endoproteases involved in the post-translational processing of yeast RAS and a-factor have recently been cloned from S. cerevisiae but little is known about mammalian endoprotease(s) (Boyartchuk et al., 1997; Chen et al., 1996) . Because speci®c assays for the activity of Ras endoproteases are not well developed, we were unable to assess for proteolytic activity towards Rap 1A (Chen et al., 1996) . Moreover, measuring total endoprotease activity would not necessarily re¯ect decreased activity of an endoprotease isozyme or altered subcellular localization or regulation of an endoprotease in the variant cells (Ma and Rando, 1993) . With the exception of a decrease in total enzymatic activity, similar changes in a carboxyl methyltransferase could be occurring in the variant cells. Since we found no evidence for a mutation in the Rap 1A sequence in the variant cells, it seems unlikely that there is altered Rap 1A substrate recognition in these cells by the responsible endoprotease (or carboxyl methyltransferase).
The lack of complete processing of Rap 1A did not aect Rap 1A's subcellular localization between cytosolic and particulate fractions, although it is possible that more subtle changes in Rap 1A's cellular distribution are aected. We did not detect any dierence between the variant and parental cells in posttranslationally processed forms of Ras expressed in these cells suggesting that the variant cell's de®ciency in post-translational processing of Rap 1A may be speci®c to this protein. Although Ras undergoes farnesylation rather than geranylgeranylation, we chose Ras for study because Rap 1A is in the same subfamily as Ras and the two proteins are highly homologous (Noda, 1993) .
Rap 1A was originally identi®ed because of its ability to antagonize Ras transformation of NIH3T3 cells (Kitayama et al., 1989) . The mechanism of this anti-Ras transformation property of Rap 1A is not completely understood but may involve competition for commoǹ downstream eector' molecules, e.g., Raf-1 kinase or a Figure 10 Immunoblot of HL-60 cell extracts using antibody Y13-259. H-Ras was immunoprecipitated from parental (a) and variant (b) HL-60 cell extracts using antibody Y13-259 and the immunoprecipitates were applied to the 2-D gel system described in Materials and methods; proteins were detected on Western blots using antibody Y13-259. Con®rmation that the protein detected was H-Ras was obtained by demonstrating that puri®ed recombinant H-Ras migrated similarly in this system Ral guanine nucleotide exchange factor (Urano et al., 1996; Herrmann et al., 1996) . Rap 1A shares 95% identity with Rap 1B and phosphorylation of Rap 1B increases guanine nucleotide exchange factor activity towards this protein in vitro and its activation in vivo in several cellular systems (Hata et al., 1991; Altschuler et al., 1995; Vossler et al., 1997) . Since Rap 1A and 1B are phosphorylated on adjacent sites and share the same guanine nucleotide exchange factors, it seems likely that phosphorylation of Rap 1A leads to its activation in vivo (Yamamoto et al., 1990; Gotoh et al., 1995; Altshuler and Lapetina, 1993) . HL-60 cells express a mutated constitutively-activated N-Ras and this mutation, in addition to c-myc overexpression, appears to lead to the malignant phenotype of these cells (Murray et al., 1983; Holt et al., 1988; Bos et al., 1984; Wickstrom et al., 1988) . Thus, at least part of the mechanism of induction of dierentiation of HL-60 cells by nitroprusside and cGMP analogs could be through G-kinase-induced phosphorylation and activation of Rap 1A which could either change Rap 1A's interaction with an important target protein or antagonize the constitutively active N-Ras; the latter mechanism is likely to promote dierentiation by decreasing the proliferative potential of the cells. Rap 1A is involved in the dierentiation of Drosophila photoreceptor cells and Rap 1B must be phosphorylated by A-kinase during cAMP-induced dierentiation of PC12 cells (Hariharan et al., 1991; Vossler et al., 1997) .
Since dierentiation is a complex process, it is possible that the variant cells have other, yet to be identi®ed, genetic defects that are important to dierentiation. However, the fact that the variant cells are resistant only to nitric oxide/cGMP-induced dierentiation and still show normal morphologic maturation and acquisition of membrane antigens in response to other inducing agents indicates they do not have a global block in the dierentiation process but rather a downstream defect in the nitric oxide/cGMP/ G-kinase signal transduction pathway . The reduced NADPH oxidase activity in the variant cells compared to parental cells when the cells are induced to dierentiate by various agents may be because Rap 1A is part of the NADPH oxidase system and the de®cient post-translational processing of Rap 1A we found in the variant cells may lead to defective assembly of this oxidative complex Bokoch et al., 1991 , Eklund et al., 1991 , Quinn, et al., 1989 .
Because of the genetic defect in proteolysis (and/or carboxyl methylation) of Rap 1A, the variant cells provide a good model system to study the role of these post-translational modi®cations on the function of this Ras-related protein. Future work will be to study the eect of the cells' genetic change on Rap 1A's activation state and interaction with downstream eector molecules as well as to de®ne the precise role of Rap 1A in dierentiation of HL-60 cells.
Materials and methods
Materials
G-kinase puri®ed from bovine lung was from S Lohmann (Halbrugge et al., 1990) , puri®ed recombinant human HRas was from J Feramisco and the catalytic (C) subunit of cAMP-dependent protein kinase (A-kinase) was from S Taylor; human Rap 1A puri®ed from a baculovirus-based insect cell system and a plasmid containing human rap 1A cDNA were from (Quilliam et al., 1990) . The polyclonal antibody SC65 was raised in rabbits against a peptide corresponding to amino acids 121-137 of human Rap 1 and the rat monoclonal antibody Y13-259 is a Ras-speci®c antibody; both antibodies were from Santa Cruz Biotechnology. [g-32 P]ATP, 32 PO 4 and [methyl-3 H]S-adenosylmethionine were from NEN, Tran 35 S-label was from ICN, ampholytes pH 3-10, 3.5-10 and 9-11 were from Fisher Scienti®c, Pharmacia and Serva, respectively, and 2-D gel protein standards were from Bio-Rad.
Wild type HL-60 cells were from the American Type Culture Collection (parental cells) and an HL-60 cell line resistant to nitroprusside-and cGMP-induced dierentiation (variant cells) was isolated as described ; the variant cells maintained a stable phenotype for multiple generations in the absence of nitroprusside.
Methods
Cell culture Cells were grown in RPMI 1640 medium containing 10% transferrin-enriched calf serum (ECS) and were harvested in mid-logarithmic growth for all experiments.
In Vivo protein phosphorylation in intact cells Cells were washed once in phosphate-free Dulbecco's modi®ed Eagle's media supplemented with 10% dialyzed ECS and were resuspended at 1610 6 cells/ml in the same media. One ml aliquots of cell suspension were gently shaken at 378C for 3 h with 100 mCi of 32 PO 4 ; to some samples 1 mM nitroprusside, 1 mM 8-Br-cGMP and/or 1 mM 8-Br-cAMP was added for the last 15 min of incubation . The cells were centrifuged at 10,000 g for 10 s, extracted by shearing in 50 ml of 2-D PAGE sample buer containing 9 M urea, 4% Nonidet P-40 (v/v), 2% ampholytes pH 9-11 (v/v), 2% b-mercaptoethanol (v/v) and the extracts were centrifuged at 10,000 g for 30 s.
Two-dimensional polyacrylamide gel electrophoresis The 2-D PAGE analyses were performed as described previously . Each 50 ml sample from the studies of protein phosphorylation in cell extracts and intact cells was divided in half and applied to two 1.5 mm diameter tube gels. The gels were of 6% acrylamide and contained per milliliter 80 ml of pH 3-10 ampholytes, 833 mg urea and 30 ml of Nonidet P-40. After prefocusing for 1 h at 200 V and focusing for 16 h at 1000 V, the gels were extruded into 5 ml of 125 mM TrisHCl, pH 6.8, 10% glycerol (v/v), 2% SDS and immediately frozen.
Thawed cylindrical gels were applied to 12.5% acrylamide slab gels containing 340 mM TrisHCl, pH 8.6, 0.1% SDS which were electrophoresed in 24 mM TrisHCl, pH 8.6, 200 mM glycine, 0.1% SDS for 4 h at 100 V; the gels were either stained with Coomassie Blue R, dried and exposed to X-ray ®lm or used to generate Western blots.
One-dimensional phosphopeptide maps Extracts of parental HL-60 cells were incubated with [g-32 P]ATP and G-kinase or intact parental cells were incubated with 32 PO 4 as described above; the samples were applied to 2-D gels which were dried without ®xing and exposed to X-ray ®lm. The appropriate area of the gel was cut out and inserted into wells of a one-dimensional (1-D) gel composed of a 7.5% acrylamide stacking gel and a 20% acrylamide resolving gel. Puri®ed Rap 1A or Rap 1A produced in an in vitro transcription/translation system were processed identically to the cell extracts and added to adjacent wells. One of several dierent concentrations of Staph. aureus V8 protease was added to individual wells and power was applied to the gel until the dye front reached the interface of the stacking and resolving gels (Cleveland et al., 1977; Scheele et al., 1994) . After a 30 min pause for proteolytic digestion, power was reapplied to the gel which was processed in the usual manner and exposed to X-ray ®lm.
Two-dimensional phosphopeptide maps Proteins were treated exactly as for the 1-D peptide maps except they were extracted from the gels by homogenization and trichloroacetic acid precipitation and treated with performic acid which was removed under reduced pressure (Boyle et al., 1991) . The proteins were then incubated with 500 ng of Staph. aureus V8 protease for 30 min and the resulting phosphopeptides were separated on cellulose thin-layer plates by electrophoresis in the ®rst dimension at pH 1.9 (acetic acid: 88% formic acid : water, 78 : 25 : 897 by volume) for 25 min at 1 kV and by chromatography in the second dimension (n-butanol : pyridine:acetic acid : water, 75 : 50 : 15 : 60 by volume) (Boyle et al., 1991) .
Immunoprecipitation using antibody SC-65 followed by phosphorylation of the immunoprecipitates Cells were extracted in 50 mM Hepes, pH 7.0, 150 mM NaCl, 1% Nonidet P-40, 0.1% deoxycholate, 0.05% SDS (RIPA buer) and the extracts were incubated with antibody SC65, a secondary antibody and protein A-agarose . The immunoprecipitates were washed four times in RIPA buer and three times in 50 mM TrisHCl, pH 7.4, 5 mM MgCl 2 and incubated as described for the in vitro protein phosphorylation studies with [g-32 P]ATP and the C subunit of A-kinase prior to resuspension in 2-D PAGE sample buer. The immunoprecipitates were then applied to the above-described 2-D PAGE system and Western blots were generated as described below.
Immunodetection of proteins on Western blots
Cellular proteins resolved by 2-D PAGE were transferred to polyvinylidine di¯uoride membranes as described previously (Pilz et al., 1992) . For detection of Rap 1A/ 1B, the membranes were incubated with a 1 : 2000 dilution of antibody SC65 and a secondary antibody linked to horseradish peroxidase and a chemiluminescent substrate; the membranes were then exposed to X-ray ®lm.
RNA extraction and analysis Total cytoplasmic RNA was extracted, electrophoresed on denaturing formaldehyde/ agarose gels, blotted onto nitrocellulose membranes and hybridized to a radioactively-labeled Rap 1A cDNA probe as described previously (Quilliam et al., 1990; Pilz et al., 1992) .
DNA sequencing First strand cDNA synthesis was performed using 1 mg poly(A) + RNA isolated from parental and variant cells as described previously (Pilz et al., 1990) . The cDNA was ampli®ed by the polymerase chain reaction using the following oligodeoxynucleotide primers¯anking the Rap 1A coding sequence: 5'-CATCA-CATCATGCGTGAGTACAAGC-3' (sense) and 5'-TCA-GAGCTGCTGCTGACTATGGGC-3' (antisense) (Pilz et al., 1990; Kitayama et al., 1989) . The products were subcloned into pCR TM (InVitrogen) and at least four clones from three independent experiments were sequenced by the dideoxynucleotide chain termination method (Pilz et al., 1990) .
Incorporation of
35 S-methionine/cysteine into cellular proteins followed by immunoprecipitation using antibody SC-65 Cells were incubated for 12 h at a density of 1610 6 cells/mL with 50 mCi/ml Tran 35 S-label in methionine-and cysteine-free medium supplemented with 10% dialyzed ECS; 1 mM 8-Br-cGMP was added during the last 15 min of incubation. Cells were extracted and subjected to immunoprecipitation as described above except the immunoprecipitates were not incubated with [g-32 P]ATP and G-kinase.
In vitro transcription and translation of Rap 1A in the absence and presence of inhibitors of post-translational modi®cation In vitro transcription and translation was performed using the TNT TM Coupled Reticulocyte Lysate System from Promega according to the manufacturer's instructions. Reactions were performed at 308C for 90 min in a volume of 25 ml. Transcription reactions used 80 ng of rap 1A cDNA in pGem4Z which contains the SP-6 promoter (Quilliam et al., 1990) . Translation reactions were performed either with methionine free amino acid mix and 35 S-methionine (1.2 mCi/ml) or with cold amino acid mixtures for the phosphopeptide mapping experiments described in Figure 3 . Mevalonic acid, generated from mevalonic acid lactone by alkaline hydrolysis (Kita et al., 1980) , was added at 10 mM to provide maximal isoprenylation and 20 mM S-adenosylmethionine was added during the last 30 min of incubation to provide optimal carboxyl methylation (Hancock et al., 1991; Hancock, 1995) . The products of the transcription/translation reactions were phosphorylated by the C subunit of A-kinase either with non-radioactive ATP or, for the phosphopeptide maps, with 50 mCi of [g-32 P]ATP. Canine pancreatic microsomal membranes (Promega, 1.8 ml or 3.6 equivalents) were added to the translation reaction where indicated to provide endoprotease and carboxyl methyltransferase activity (Hancock et al., 1991; Hancock, 1995) . The peptide Cys-Val-Phe-Leu (SynPep) and acetyl-farnesyl-cysteine (Calbiochem) are substrates of geranylgeranyl transferase and carboxyl methyltransferase, respectively, and are excellent competitive inhibitors of the enzymes with respect to Ras-related proteins (Zhang et al., 1994; Volker et al., 1991; Philips et al., 1993) ; where indicated, they were added to the system at ®nal concentrations of 100 mM. Reactions were stopped with 75 ml of 2-D PAGE sample buer and subjected to 2-D PAGE as described above. Reference proteins in the lysate were visible on Coomassie-Blue staining of the gels (shown as ®lled circles in Figure 8 ).
Measurement of carboxyl methyltransferase activity Carboxyl methyltransferase activity was measured in cell extracts as described (Volker et al., 1990) . Brie¯y, cells were extracted at a density of 20610 6 /ml by sonicating in 50 mM TrisHCl, pH 8.0, 0.5 mM EDTA, 0.5 mM dithiothreitol. The extracts were centrifuged at 800 g for 5 min and the resulting supernatants were incubated for 15 min at 378C with 100 mM acetylfarnesylcysteine (AFC) and 0.6 mM [methyl-3 H]S-adenosylmethionine (speci®c activity, 70 Ci/mmol). The reaction was stopped with 15% trichloroacetic acid and then methylated AFC was separated from non-methylated AFC by adding heptane and generating two phases. The organic phase was concentrated to dryness, the resulting solids were resuspended in 1 N NaOH and volatile methyl groups were quantitated by liquid scintillation counting after being trapped in scintillation¯uid. The assay was linear with time and protein concentration and the data are expressed as pmol of methyl-AFC generated per min per mg protein.
Subcellular fractionation Cells were extracted at a density of 100610 6 /ml by sonication in a Hepes-based buer containing protease inhibitors. The extract was centrifuged at 10 000 g for 10 min and an aliquot of the supernatant was centrifuged at 100 000 g for 15 min. The supernatants and pellets from both centrifugations were resuspended in SDS sample buer and applied to a 1-D PAGE system. Rap 1A was detected by Western blotting as described above.
Immunoprecipitation using antibody Y13-259 These studies were performed similarly to those described using antibody SC-65 except antibody Y13-259 was substituted for SC-65 and the washed immunoprecipitates were resuspended directly in 2-D PAGE sample buer without being incubated with [g-32 P]ATP and the C subunit of A-kinase. After 2-D electrophoresis, proteins were transferred to polyvinylidine di¯uoride membranes which were incubated with a 1 : 2000 dilution of antibody Y13-259 and a secondary antibody linked to horseradish peroxidase and a chemiluminescent substrate. The membranes were exposed to X-ray ®lm as described above.
Data presentation Each experiment was performed at least three times in duplicate with one representative experiment presented.
